Recently, it has been demonstrated ( Van Roy and Heirwegh, 1968) that the diazonium salt of ethylanthranilate reacts specifically with conjugated bilirubin, even in the presence of a large excess of unconjugated bilirubin. This diazonium salt proved to be of value for the histochemical demonstration of conjugated bilirubin in tissue sections (Desmet, Bullens, de Groote, and Heirwegh, 1968) . At the same time a method was developed (Raia, 1967) for the demonstration of total bilirubin with the diazonium salt of 2,4-dichloraniline. These methods, used in parallel, allow a new approach for a more specific and detailed histochemical investigation of the precise nature of bile pigment accumulations in cholestatic liver tissue.
Materials and Methods

PATIENTS
A series of 150 patients with different forms of liver pathology was studied (see Table III (Baker, 1946) . The main part of the biopsy was routinely processed by paraffin embedding. Sections were stained with haematoxylin and eosin, periodic acid Schiff after a-amylase digestion, Schmorl's reaction for lipofuscin, Perls's reaction for iron, and Hall's technique for bilirubin (Pearse, 1960) . A small part of the biopsy was reserved for frozen sections. In order to study the deposition of specific types of bile pigment, serial frozen sections were examined with the following techniques respectively: (1) the diazonium salt of ethylanthranilate for conjugated bilirubin ; (2) the diazonium salt of 2,4-dichloraniline for total bilirubin (Raia, 1967) ; (3) Fouchet's reagent for total bilirubin (Hall, 1960) Cholestasis type III was diagnosed when in addition to intra-and extracellular pigment deposits, bile pigments could also be seen within the Kupffer cells and/or macrophages.
In liver biopsies where a certain degree of cholestasis was apparent, bile pigment was also found as a diffuse cytoplasmic impregnation of the liver cells in the cholestatic areas. This was usually the case in type II and mostly in type III.
The diffuse pigment can only be demonstrated with the newer diazonium techniques on frozen sections, for it seems to be washed out during the routine histological procedures .
In this classification of histological cholestasis other criteria, such as bile infarcts or the presence of bile accretions in ductules and ducts, were not taken into account. The zonal distribution of the cholestasis in the liver lobules was centrolobular in the vast majority of the cases except in cases of neonatal hepatitis. Although this classification was not primarily intended to represent a quantitative gradation, an overall correlation exists between the total amount of pigment deposited in the liver and the different types of cholestasis.
CORRELATION BETWEEN TYPE OF CHOLESTASIS AND BIOCHEMICAL PARAMETERS
In order to corroborate the visual impression that the different types of cholestasis roughly correspond to a quantitative gradation, the correlation between the type of cholestasis and the bilirubinaemia was studied. The Figure shows the serum bilirubin values plotted against the different histological types of cholestasis and Table I summarizes the statistical evaluation of these findings.
The differences in mean serum bilirubin levels are statistically significant between the cholestasis types I and II and types II and III, though it appears that the mean serum bilirubin level is nearly identical in types 0 and I. This indicates Four cases with abnormal serum bilirubin levels above 2 mg % are classified in group 0 ( Fig.) . The differential serum bilirubin determination showed a low proportion of direct reacting bilirubin in these cases, the ratio of conjugated bilirubin to total bilirubin being 11-9%, 44%, 57%, and 52% respectively. Although the difference in mean serum bilirubin level is not statistically significant between the two subgroups of type IT, it remains an interesting observation that the mean bilirubinaemia is higher in those 15 cases (IIB) in which coarse intracellular pigment granules were observed in the liver cells.
The patients of group III were subdivided into three categories, according to whether their bilirubinaemia at the time of liver biopsy was in an increasing phase, at a constant level, or in a declining phase (Table II) (Biava, 1964; Nolte, 1966; Desmet et al, 1968) and seems to be particularly important in cases with slight or minimal cholestasis.
Several authors (Dubin, 1959; Mallory, 1947; Weinbren, 1952) (Popper, 1968 ) that the bilirubin level in the serum may vary more rapidly than the visible accumulation of pigment in the liver.
Besides these dynamic factors, the ratio of conjugated to total serum bilirubin must also be considered in order to correlate effectively the histological cholestasis and the serum bilirubinaemia. In four patients with abnormal serum bilirubin no cholestasis was observed (type 0), but there was a low ratio. In a previous study this was shown not to be due to hepatocellular damage or obstruction (Fevery, Claes, Heirwegh, and de Groote, 1967 (Billing, Williams, and Richards, 1964; Barrett, Berk, Menken, and Berlin, 1968 ) the plasma bilirubin disappearance curve takes the form of the sum of two exponential functions. This suggests the existence on the one hand of a dynamic equilibrium between two pools containing bilirubin and, on the other hand, a site where, under normal circumstances, bilirubin is irreversibly cleared. The plasma may act as one pool, the liver cells as the second pool, and the intrahepatic biliary tree as the irreversible clearance way. The ability of the liver cell to handle bilirubin may be expressed as storage capacity and transport maximum (Wheeler, Meltzer, and Bradley, 1960) . Under normal conditions no bilirubin pigment is visible in the liver tissue under the microscope, because the irreversible clearance mechanism is adequate. When, however, for some pathological reason this mechanism is disturbed, the total clearance capacity of the liver will be reduced leading to an accumulation of bilirubin in the liver pool. When this accumulation exceeds the storage capacity bilirubin will be precipitated in the liver cell ccytoplasm and pigment granules will become visible under the microscope. This precipitated pigment probably represents relatively inert bilirubin which does not take an active part in the rapid exchange between liver cell, plasma pool, and excretion. These granules may be considered as some sort of pathological storage capacity of the liver cell. When bilirubin continues to accumulate in the liver pool it regurgitates in increasing amounts towards the plasma pool and precipitates further as visible pigment in the cytoplasm. This accumulation of bilirubin and also of other bile constituents may eventually damage the liver cell. The slow behaviour of precipitated pigment may explain why in a decreasing phase of bilirubinaemia the disappearance from the liver tissue lags behind the disappearance from the blood.
A subclassification was attempted in group II on the basis of the eventual presence of coarse pigment granules in the liver cells. Although it is agreed that the interpretation of 'coarse' intracellular granules in frozen sections may be subjective, the results obtained indicate that there may be some grounds for this subdivision. The application of specific histochemical methods for conjugated and total bilirubin shows that the great majority of coarse granules contain unconjugated bile pigment in contrast to the smaller pigment deposits which usually stain as conjugated bilirubin. Moreover, there is a difference in the mean serum bilirubinaemia of the subgroups of type II cholestasis, the bilirubin level being higher in group IIB (coarse granules). This information is useful for a better insight into the morphogenesis of cholestasis.
The application of specific histochemical techniques allows the identification in different sites of the nature of the pigment deposits: diffuse cytoplasmic impregnation, cytoplasmic granules and intercellular thrombi. The pigment which is responsible for the diffuse cytoplasmic staining of the parenchymal cells in advanced cholestasis corresponds to conjugated bilirubin. Its diffuse aspect suggests a localization in a widespread cytoplasmic compartment, such as the endoplasmic reticulum or the cell sap. The rather pronounced affinity of bilirubin glucuronide for cell sap as compared to cell particles (Heirwegh, van Roy, and de Groote, 1964; Bernstein, Essner, Gartner, and Arias, 1966) would favour the latter hypothesis. This diffuse pigment may represent the visible overload of conjugated bilirubin in the liver cells by a lack of excretion with reversed transport across the cell to the sinusoidal pole. Determination in vitro of the activity of bilirubin glucuronyltransferase also demonstrates that the capacity of the liver to process incoming bilirubin is sufficient in cases of cholestasis, although the enzyme activity per gram liver weight may be somewhat reduced (Metge, Owen, Foulk, and Hoffman, 1964 ). The present finding seems to demonstrate at the cellular level that the conjugating capacity of the liver cells is not arrested by cessation of bile flow, but may continue for a considerable time.
Small granules containing bilirubin in parenchymal cells mostly reacted as conjugated bilirubin, whereas coarse granules usually contain unconjugated pigment. The precise intracellular localization of these granules has not been definitely established (Orlandi, 1962; Biava, 1964) . According to some authors (Orlandi, 1962; Essner and Novikoff, 1960) , bile pigment may accumulate in lysosomes or fused masses of these organelles. Hydrolysis of conjugated bilirubin by the action of ,B-glucuronidase could then explain the presence of granular unconjugated bilirubin. This would also correlate with the predominance of unconjugated pigment in Kupffer cells which are known to contain more and bigger lysosomes. On the other hand, in a detailed electron-microscopic study of pigment deposition in cholestatic liver tissue (Biava, 1964) , bile pigment granules were shown to consist of precipitated ground cytoplasm and some fragmented agranular membranes, considered to be the result of a particular type of focal degeneration. These cytoplasmic clumps are at first not surrounded by a membranous envelope. If this turns out to be the predominant form of the granular intracellular bile pigment accumulation, the intriguing problem remains whether this focal cytoplasmic degeneration could be directly due to the overload by conjugated or unconjugated bilirubin, or indeed be due to both. A few pigment granules did not stain for bilirubin at all, but reacted as lipofuscin, which also accumulates in cholestatic liver tissue.
Some extracellular thrombi did not react as conjugated bilirubin. As the liver is known to excrete only conjugated bilirubin (Billing, CoJe, and Lathe, 1957) possible hydrolysis of the conjugated pigments accumulating in the canaliculi could be invoked to explain this phenomenon. It is conceivable that parenchymal cells adjacent to bile plugs suffer from biliary intoxication and release their lysosomal enzymes. Alternatively the lack of staining as conjugated pigment might be explained by an alteration in the reactivity of the bile pigment impregnating the rather densely packed cytoplasmic material present in the bile plugs, shown to consist of precipitated pericanalicular ectoplasm and canalicular membranes (Biava, 1964) . This last hypothesis could also explain the negative reaction of some cytoplasmic bilirubin-containing granules and might even account for the negative reaction of some thrombi when stained for total bilirubin with the diazonium salt of 2,4-dichloraniline. The eventual role of ,B-glucuronidase in the formation of granular material containing unconjugated bilirubin is under investigation.
The nature of the pigment deposited in a particular site is essentially the same in all forms of cholestasis, irrespective of their aetiology. This means that the specific histochemical staining of bile pigments is not helpful in the differential diagnosis of the aetiology of cholestasis.
The overall results of this study allow some further insight into the still highly hypothetical mechanisms by which morphological cholestasis is brought about. Because of the correlation between the different types of cholestasis and the mean bilirubinaemia of the respective groups, it may be assumed that morphological cholestasis proceeds in time and in degree from type I to type III. In the early period of impairment of the secretory function of the liver cell by whatever cause, conjugated bilirubin is sequestrated in the form of small granules in the liver cell even before a significant rise in the serum bilirubin level occurs. This precipitated pigment may be considered to be relatively inert and less readily exchangeable, thus representing some sort of pathological 'extra' storage capacity of the liver cell. Further ultrastructural study is needed to explore its precise subcellular localization.
With the continuing disturbance of liver-cell secretion, bile pigment not only further precipitates in the cytoplasm but also regurgitates towards the plasma pool, as reflected by increasing levels of serum bilirubin. At this stage coarse pigment granules are found in addition to an increasing amount of finer deposits. The unconjugated nature of the bilirubin present in the coarse granules suggests that these deposits are older pigment conglomerates, already attacked by lysosomal /-glucuronidase. It is reasonable to assume that the earliest fine deposits become surrounded by membranes and incorporated into so-called autophagic vacuoles or secondary lysosomes (Biava, 1964; Barone, Carrozza, and Inferrera, 1968) . At this stage a deconjugation of already conjugated bilirubin may occur (Raia, 1967) , together with accumulation of lipofuscin pigment, derived from degenerated membranous material.
An increase in liver /-glucuronidase has been reported in cholestatic liver tissue (Acocella, Tenconi, and Armas-Merino, 1968; Sussi and Rubatelli, 1968; Billing, Raia, and ArmasMerino, 1968 ) and can be demonstrated histochemically (unpublished observations). At this stage of type II cholestasis, extracellular deposits are also characteristically found. They contain mainly conjugated bilirubin. The unconjugated pigment found in some of them may represent deconjugated bilirubin, resulting from the release of lysosomal /-glucuronidase from the surrounding damaged hepatocytes. These deposits are usually interpreted as thrombi of inspissated bile in dilated canaliculi. Recent electron-microscopical work (Oledzka-Slotwinska, and Desmet, 1969) showed, however, that these extracellular deposits are not always in a canalicular location, but may be found in dilated sinusoidal recesses. In this location, they may represent segregated areas of degenerated cytoplasm impregnated with bile pigment and extruded from the rest of the cell (Oledzka-Slotwinska and 1969 ). The precise mechanism by which these intercellular thrombi are formed, preferentially in centrolobular location, is not yet clear. The increasing accumulation of bilirubin (and surely other bile constituents as well) in and outside the liver cells has a damaging effect, histologically described as 'feathery degeneration' (Popper and Schaffner, 1967; Gall and Dobrogorsky, 1964) . This parenchymal damage triggers a proliferative and hyperplastic reaction of the Kupffer cells, which become macrophages. These cells have been shown to contain numerous and large organelles of the lysosome group (Essner and Novikoff, 1961) and show strong positive reactions in histochemical preparations for acid phosphatase andglucuronidase.
The phagocytic engulfment of parenchymal cell debris, pigment granules, and thrombi leads to the accumulation of bilirubin associated with lipofuscin in the Kupffer cells. This feature is characteristic of type III cholestasis. The observation that the bilirubin in the Kupffer cells is mainly of the unconjugated type can be explained by the deconjugating role of lysosomal /-glucuronidase. If pigment accumulates in the liver tissue takes place along these lines, it becomes clear that the histological picture is not primarily influenced by the aetiological agent, but to a much higher extent by the degree of bile pigment accumulated in the liver pool, the velocity with which this occurs, its duration, and dynamic evolution. Daily diagnostic difficulties in the histological differential diagnosis of intraand extralobular cholestasis confirm this point of view.
